Introduction {#s1}
============

Sleep disordered breathing (SDB) is a well-known complication of obesity in adults and children. It includes primary snoring, upper airway resistance syndrome and obstructive sleep apnoea (OSA). OSA is the most severe entity in the spectrum of SDB, and is characterised by intermittent cycles of upper airway collapse associated with hypoxia and arousal during sleep. It is a prevalent disorder in childhood, affecting 2--3% of children \[[@C1]\]. However, the prevalence of OSA has been reported to be as high as 59% in the context of childhood obesity \[[@C2]\]. The difference in prevalence may be related to a different underlying phenotype distinguishing OSA in obese children from that in normal-weight children \[[@C3]\]. Several complications are associated with OSA in childhood, including cardiovascular, neurological and metabolic complications \[[@C4]--[@C6]\]. However, the linking mechanisms between OSA and its associated complications remain unclear. Previous studies in an obese paediatric population did not find any relationship between OSA, systemic inflammation or adipokine secretion \[[@C7], [@C8]\], in contrast to a normal-weight paediatric population \[[@C9]--[@C11]\]. Therefore, other options need to be explored. Autonomic dysfunction has been suggested as a key feature in the development of cardiac and metabolic consequences of both adult and paediatric OSA \[[@C4], [@C12], [@C13]\]. It is expected that the sympathetic tone increases while the parasympathetic tone decreases in patients with OSA. Heart rate variability (HRV) describes the variation between consecutive heart beats, and the regulation of HRV stems from the parasympathetic and sympathetic nervous systems \[[@C14]\]. Consequently, HRV can be used as a quantitative marker for autonomic nervous system function. Previous studies have investigated the relationship between HRV and OSA in children \[[@C15]--[@C17]\]. However, none of these studies focused on a paediatric overweight and obese population as they only included normal-weight subjects.

Furthermore, arousals are associated with hypothalamic--pituitary--adrenal (HPA) axis activation and associated sympathetic activation \[[@C18]\]. Cortisol is the primary human glucocorticoid product of the HPA axis and it is thereby expected that cortisol levels would be higher in patients with OSA. Literature linking HPA function and OSA in adults has been conflicting \[[@C19]\], and data from children is scarce.

Our goal was to investigate the relationship between OSA and sympathetic activity in overweight and obese children by examining HRV and cortisol levels. The following hypotheses were examined: 1) OSA is associated with an increase in sympathetic heart activity as measured by HRV and 2) cortisol levels are increased in patients with OSA.

Materials and methods {#s2}
=====================

Study population {#s2a}
----------------

In this prospective study, consecutive overweight and obese children were recruited between June 2010 and May 2015 at the Paediatric Obesity Clinic of Antwerp University Hospital (Antwerp, Belgium). Children were excluded in case of infection, a chronic medical condition, or genetic, neuromuscular or craniofacial syndromes. The Ethics Committee of Antwerp University Hospital approved this study, and informed consent was obtained from the patients and their parents or legal guardians.

Anthropometry {#s2b}
-------------

All measurements were performed in the morning, after an overnight fast with patients undressed. Height, weight, waist circumference and waist-to-hip ratio (WHR) were measured using standardised techniques by skilled personnel. Fat mass was measured with bioelectrical impedance analysis, using the Deurenberg formula for children \[[@C20]\]. Body mass index (BMI) was calculated (kg·m^--2^) and was further analysed as z-scores, using the Flemish growth study as a reference population \[[@C21]\]. Overweight and obesity were defined according to the International Obesity Task Force criteria \[[@C22]\].

Cortisol {#s2c}
--------

24-h urine collection was conducted to determine the urinary free cortisol (UFC) levels. UFC levels were measured using ultra-performance liquid chromatography followed by mass spectrometry (Acquity UPLC-TQD; Waters, Milford, MA, USA). UFC levels between 7 and 52 µg·24 h^--1^ were considered normal.

Polysomnography {#s2d}
---------------

All children underwent nocturnal polysomnography for at least 6 h. The following variables were continuously measured and recorded by a computerised polysomnograph (Brain RT; OSG, Rumst, Belgium): electroencephalography (C4/Al and C3/A2), electro-oculography, electromyography of anterior tibial and chin muscles, and electrocardiography. Respiratory effort was measured by respiratory inductance plethysmography and arterial oxygen saturation (*S*~pO~2~~) was measured by a finger probe connected to a pulse oximeter. Airflow was measured by means of a nasal pressure cannula and thermistor, and snoring was detected by means of a microphone at the suprasternal notch. All patients were monitored on audio/videotape using an infrared camera. Respiratory events were scored according to the American Academy of Sleep Medicine guidelines \[[@C23]\].

The obstructive apnoea--hypopnoea index (oAHI) was defined as the average number of obstructive apnoea and hypopnoea events per hour of sleep. Mild OSA was diagnosed by the presence of an oAHI between 2 and 5 events·h^--1^ and moderate-to-severe OSA was defined by an oAHI ≥5 events·h^--1^ \[[@C24]\]. The respiratory disturbance index (RDI) was calculated as the sum of the recorded apnoeas and hypopnoeas divided by the total sleep time (TST). All desaturations of ≥3% from the baseline oxygen saturation were quantified and the oxygen desaturation index (ODI) was calculated as the total of desaturations divided by the TST.

Heart rate variability analysis {#s2e}
-------------------------------

Beat-to-beat RR interval data were extracted from polysomnogram measurements and imported into Kubios HRV analysis software (Dept of Applied Physics, University of Eastern Finland, Kuopio, Finland) \[[@C25]\]. HRV was assessed in the time and frequency domains.

Time domain assessment is applied straight to the series of successive RR intervals and yields the following parameters: mean RR interval, mean heart rate (HR) and standard deviation of RR intervals (normal sinus-to-normal sinus interbeat intervals (SDNN)). Of these variables, only SDNN gives information on the variability and an increase in SDNN suggests an increase in HRV.

For the frequency domain, a fast Fourier transform spectral analysis was used. This results in specific frequency bands, which correspond with specific physiological mechanisms. High-frequency (HF) bands are a reflection of the parasympathetic activity, while low-frequency (LF) bands are a reflection of both parasympathetic and sympathetic activity. As a result, LF/HF band ratio is a marker for sympathetic activity.

Statistical analysis {#s2f}
--------------------

Statistical analysis was performed using SPSS version 23.0 (SPSS, Chicago, IL, USA). Normality was tested by the Kolmogorov--Smirnov test. Normally distributed data are presented as mean±[sd]{.smallcaps}. Skewed data are reported as median (range, *i.e.* minimum--maximum). Patients were distributed in groups based on their oAHI. Groups were compared by means of the Chi-squared test, independent sample t-test or Mann--Whitney U-test. Correlations between measures of sympathetic activity and other variables were calculated using Pearson\'s or Spearman\'s correlation analysis as appropriate.

Linear regression analysis was performed in case of a significant correlation between measures of sympathetic activity and sleep parameters to determine if the correlation persisted after controlling for the degree of adiposity. As the different measures of adiposity are highly intercorrelated, linear regression was done by the inclusion of one measure of adiposity with the highest univariate correlation coefficient for the respective outcome (BMI z-score, waist circumference, WHR and fat mass). For all analyses, p≤0.05 was considered statistically significant.

Results {#s3}
=======

A total of 191 overweight and obese children were included in this study with a mean BMI of 30.3 (range 19.7--47.3) kg·m^−2^, which corresponds to a mean z-score of 2.5 (range 1.5--4.1). Mean age was 12 (range 5--18) years and 36% of subjects were male. OSA was diagnosed in 60 children (31.4%): 32 children had mild OSA (16.7%) and 28 children had moderate-to-severe OSA (14.7%). Characteristics of patients with and without sleep apnoea are compared in [table 1](#TB1){ref-type="table"}. No significant differences in patient characteristics between the groups were found except for WHR, which was significantly higher in the OSA group. Sleep-related respiratory parameters were significantly different between groups, as expected.

###### 

Comparison of characteristics of subjects with and without obstructive sleep apnoea (OSA)

                                   **Non-OSA**            **OSA**         **p-value**
  ---------------------------- -------------------- -------------------- -------------
  **Subjects**                         131                   60          
  **Male/female**                     44/87                24/36            0.4^\#^
  **Age years**                     12 (6--18)           11 (5--17)         0.1^¶^
  **Height m**                  1.55 (1.14--1.83)    1.51 (1.07--1.86)      0.1^¶^
  **Weight kg**                 71.0 (30.4--129.8)   67.3 (28.0--137.0)     0.3^¶^
  **BMI z-score**                 2.5 (1.5--3.5)       2.5 (1.7--4.1)       0.6^¶^
  **Waist circumference cm**        92.4±13.6            93.2±17.1          0.7^+^
  **WHR**                       0.89 (0.75--1.02)    0.92 (0.79--1.04)    \<0.001^¶^
  **Fat mass %**                36.9 (25.7--60.4)    36.1 (27.3--53.1)      0.9^¶^
  **TST min**                     512 (169--637)       512 (293--648)       0.6^¶^
  **oAHI events·h^−1^**           0.5 (0.0--1.9)      4.9 (2.0--67.3)     \<0.001^¶^
  **RDI events·h^−1^**          0.85 (0.00--4.80)    5.90 (2.00--67.70)   \<0.001^¶^
  **Mean *S*~pO~2~~ %**         97.2 (91.2--98.2)    96.7 (91.9--98.6)     0.001^¶^
  ***S*~pO~2~~ nadir %**           93 (80--100)         91 (81--100)      \<0.001^¶^
  **TST95 %**                   99.7 (25.6--100.0)   98.0 (2.4--100.0)    \<0.001^¶^
  **ODI events·h^−1^**            0.3 (0.0--8.4)      0.8 (0.0--33.8)     \<0.001^¶^
  **N1 %TST**                       2 (0--13)            2 (0--16)            0.6
  **N2 %TST**                      51 (28--72)           45 (8--65)         \<0.001
  **N3 %TST**                       22 (4--48)           28 (8--65)         \<0.001
  **REM %TST**                      23 (0--36)           23 (5--37)           0.7

Data are presented as n, mean±[sd]{.smallcaps} or median (range), unless otherwise stated. BMI: body mass index; WHR: waist-to-hip ratio; TST: total sleep time; oAHI: obstructive apnoea--hypopnoea index; RDI: respiratory disturbance index; *S*~pO~2~~: arterial oxygen saturation measured by pulse oximetry; TST95: TST with *S*~pO~2~~ \>95%; ODI: oxygen desaturation index; N1--N3: sleep stages; REM; rapid eye movement. ^\#^: Chi-squared test; ^¶^: Mann--Whitney U-test; ^+^: independent sample t-test. p≤0.05 was considered statistically significant.

In our population, 51 patients had elevated UFC (33 controls and 18 OSA). However, UFC did not differ between patients with and without OSA. Mean *S*~pO~2~~ correlated with UFC (r= −0.21, p=0.01), but this relationship did not persist after correction for waist circumference (p=0.3). The percentage of TST with *S*~pO~2~~ \>95% (TST95) also correlated with UFC (r=0.24, p=0.005), but again this relationship did not persist after correction for waist circumference (p=0.9). UFC (r=0.33, p\<0.001) was also positively correlated with age.

Mean RR interval was significantly lower in patients with OSA, while LF/HF ratio and mean HR were significantly higher in patients with OSA. Measures for sympathetic activity are compared between groups in [table 2](#TB2){ref-type="table"}. Several correlations were found between various sleep-related respiratory parameters and measures of HRV ([table 3](#TB3){ref-type="table"}). In particular, LF/HF band ratio correlated with almost all measures of SDB (oAHI, RDI, mean *S*~pO~2~~, *S*~pO~2~~ nadir and TST95). Correlations between measures of adiposity and measures of HRV, as well as between age and measures of HRV, are shown in [table 4](#TB4){ref-type="table"}. BMI z-score and WHR did not correlate with any measures of HRV. Mean RR and LF/HF band ratio were positively correlated with the waist circumference, while mean HR and HF bands were negatively correlated with the waist circumference. Age was positively associated with mean RR, SDNN and LF/HF band ratio, while mean HR was negatively associated with age.

###### 

Urinary free cortisol (UFC) levels and heart rate variability parameters of subjects with and without obstructive sleep apnoea

                                   **oAHI \<2**             **oAHI ≥2**        **p-value**
  --------------------------- ----------------------- ----------------------- -------------
  **UFC µg·24 h^--1^**              36 (1--157)            46 (12--171)          0.7^¶^
  **Mean RR interval ms**      802.3 (598.3--1182.4)   758.7 (605.2--1006.3)     0.02^¶^
  **SDNN ms**                   96.9 (34.6--198.7)      94.5 (39.6--177.2)       0.3^¶^
  **Mean HR beats·min^−1^**         75.88±9.79              80.20±9.66          0.008^\#^
  **LF bands %**                 15.5 (5.4--30.5)        17.0 (8.3--40.4)        0.07^¶^
  **HF bands %**                 21.4 (3.2--63.2)        20.2 (2.3--54.4)        0.4^¶^
  **LF/HF band ratio**         0.707 (0.168--2.963)    0.962 (0.242--12.215)     0.05^¶^

Data are presented as median (range) or mean±[sd]{.smallcaps}, unless otherwise stated. oAHI: obstructive apnoea-hypopnoea index; UFC: urinary free cortisol; SDNN: standard deviation of RR intervals (normal sinus-to-normal sinus interbeat intervals); HR: heart rate; LF: low-frequency; HF: high-frequency. ^\#^: independent sample t-test; ^¶^: Mann--Whitney U-test. p≤0.05 was considered statistically significant.

###### 

Spearman correlation analysis between sleep-related respiratory measures and heart rate variability parameters

                          **oAHI**     **RDI**    **Mean *S*~pO~2~~**   ***S*~pO~2~~ nadir**   **TST95**   **ODI**
  ---------------------- ----------- ----------- --------------------- ---------------------- ----------- ----------
  **Mean RR interval**    −0.15^\#^   −0.18^\#^                               0.15^\#^                     −0.23^¶^
  **SDNN**                                                                                                
  **Mean HR**             0.16^\#^    0.19^\#^                                                             0.23^¶^
  **LF bands**                                                                                            
  **HF bands**                                          0.22^¶^               0.18^\#^          0.25^¶^   
  **LF/HF band ratio**    0.17^\#^    0.17^\#^         −0.23^¶^               −0.20^¶^         −0.25^¶^   

Only significant Spearman correlation coefficients are shown. oAHI: obstructive apnoea--hypopnoea index; RDI: respiratory disturbance index; *S*~pO~2~~: arterial oxygen saturation measured by pulse oximetry; TST95: percentage of total sleep time with *S*~pO~2~~ \>95%; ODI: oxygen desaturation index; SDNN: standard deviation of RR intervals (normal sinus-to-normal sinus interbeat intervals); HR: heart rate; LF: low-frequency; HF: high-frequency. ^\#^: p≤0.05; ^¶^: p≤0.01.

###### 

Spearman correlation analysis between measures of adiposity and age and measures of heart rate variability

                          **Waist**   **Fat mass**   **Age**
  ---------------------- ----------- -------------- ----------
  **Mean RR interval**     0.34^+^                   0.46^+^
  **SDNN**                                           0.20^¶^
  **Mean HR**             −0.34^+^                   −0.47^+^
  **LF bands**                         −0.20^\#^    
  **HF bands**            −0.24^¶^                  
  **LF/HF band ratio**     0.21^¶^                   0.17^\#^

Only significant Spearman correlation coefficients are shown. BMI: body mass index; WHR: waist-to-hip ratio; SDNN: standard deviation of RR intervals (normal sinus-to-normal sinus interbeat intervals); HR: heart rate; LF: low-frequency; HF: high-frequency. ^\#^: p≤0.05; ^¶^: p≤0.01; ^+^: p≤0.001.

Linear regression analysis was performed when measures of HRV correlated with both sleep-related respiratory parameters and measures of adiposity. Only mean HR remained significantly correlated with oAHI after correction for waist circumference (r=0.158, p=0.03). RDI remained correlated with both mean RR interval (r= −0.15, p=0.04) and mean HR (r= −0.33, p=0.02) after correction for waist circumference. HF bands and LF/HF band ratio remained significantly correlated with mean *S*~pO~2~~ (r= −0.20, p=0.008 and r= −0.16, p=0.04) and *S*~pO~2~~ nadir (r=0.23, p=0.003 and r= −0.19, p=0.02) after correction for waist circumference. *S*~pO~2~~ nadir also remained correlated with mean RR interval (r=0.15, p=0.04). ODI was still correlated with mean RR interval (r= −0.18, p=0.02) and mean HR (r=0.19, p=0.009) after correction for waist circumference. A final model for the mean HR, mean RR interval, HF bands and LF/HF band ratio is given in [table 5](#TB5){ref-type="table"}.

###### 

Linear regression model for mean heart rate (HR), mean RR interval, high-frequency (HF) bands and low/high-frequency (LF/HF) band ratio

                           **r**   **r^2^**   **p-value**
  ----------------------- ------- ---------- -------------
  **Mean HR**                                
   oAHI                    0.10      0.26         0.1
   RDI                     0.11      0.27         0.1
   ODI^\#^                 0.15      0.27        0.03
   Age^\#^                 −0.36                \<0.001
   Waist                   0.10                   0.1
  **Mean RR**                                
   RDI                     −0.88     0.25         0.2
   *S*~pO~2~~ nadir        0.06      0.26         0.4
   ODI^\#^                 −0.13     0.26        0.05
   Age^\#^                 0.37                 \<0.001
   Waist                   −0.12                  0.1
  **HF bands**                               
   Mean *S*~pO~2~~^\#^     0.20      0.11        0.007
   *S*~pO~2~~ nadir^\#^    0.22      0.11        0.005
   Age                     0.08                   0.3
   Waist^\#^               −0.19                 0.01
  **LF/HF band ratio**                       
   Mean *S*~pO~2~~^\#^     −0.16     0.03        0.04
   *S*~pO~2~~ nadir^\#^    −0.18     0.04        0.02
   Age                     −0.05                  0.6
   Waist                   0.05                   0.5

HR: heart rate; oAHI: obstructive apnoea--hypopnoea index; RDI: respiratory disturbance index; *S*~pO~2~~: arterial oxygen saturation measured by pulse oximetry; ODI: oxygen desaturation index. Due to multicollinearity, the sleep-related respiratory parameters could not be fitted in a single regression model. Therefore, each r^2^-value represents a separate regression model with the sleep-related respiratory parameter as an independent variable, controlling for age and waist circumference. ^\#^: significant contributors for the model (p≤0.05).

Discussion {#s4}
==========

Sympathetic activity is increased in overweight and obese children with sleep apnoea. Measures of hypoxia, in particular, were related to frequency domain measures for HRV, indicating a lower parasympathetic and a higher sympathetic activity. Mean HR and mean RR interval were also correlated with the ODI, suggesting a role for OSA in the regulation of the autonomic nervous system. No relationship between UFC levels and sleep-related respiratory measures was found in our population.

HR is under autonomic control, with the parasympathetic nerves being responsible for a decrease in HR and the sympathetic nerves being responsible for an increase in HR. In our population HR was significantly higher in patients with OSA, which implies an elevated sympathetic activity. In addition, mean RR interval decreased in the presence of sleep apnoea. Adenotonsillectomy, which is the first-line treatment for OSA in normal-weight children, has been shown to increase mean RR interval in children \[[@C26], [@C27]\], again suggesting that autonomic nerve function is influenced by SDB. A lower mean RR interval indicates a higher HR, which in turn is an indication for increased sympathetic activity. However, mean HR and mean RR interval do not give any information on HRV. In contrast, SDNN will increase when there is an increase in HRV. We could not find any effect of OSA on SDNN in our population of overweight and obese children. This is in contrast to a study by L[iao]{.smallcaps} *et al*. \[[@C15]\], who found a lower SDNN in paediatric patients with SDB. The HF band is a reflection of parasympathetic activity, while the LF band is a reflection of both parasympathetic and sympathetic activity. Consequently, LF/HF band ratio is a ratio of parasympathetic to sympathetic activity and an elevation of this ratio is a sign of higher sympathetic activity. Indeed, in our population LF/HF band ratio was significantly higher in patients with sleep apnoea. Furthermore, a high LF/HF band ratio was related to a lower mean *S*~pO~2~~ and a lower *S*~pO~2~~ nadir. We hypothesise that hypoxia associated with OSA could lead to autonomic imbalance, favouring sympathetic activity. This was further confirmed by the positive correlation between HF bands and measures of hypoxia. It is likely that intermittent hypoxia mediates the elevation in sympathetic nerve activity. Previous studies in normal-weight children have also found indications for an increased sympathetic activity with OSA \[[@C15], [@C28]\].

The study of the autonomic dysfunction is also of clinical interest in the context of obesity. Autonomic nervous system dysfunction may contribute to the development or stabilisation of obesity. Previous studies that investigated the autonomic nervous system in obese children found a decrease in parasympathetic activity and increased sympathetic tone \[[@C29]--[@C31]\]. Therefore, obesity needs to be considered as a confounding factor when studying the relationship between OSA and sympathetic activity. Measures of HRV were not correlated with BMI in our population, confirming that this is not the best marker for obesity. However, measures of central obesity (*e.g.* waist circumference and WHR) were correlated with both HRV and UFC in our population. Moreover, the relationship observed between measures of hypoxia and UFC was solely due to the effect of obesity.

To the best of our knowledge, no other studies have examined the relationship between autonomic function and OSA in an overweight and obese paediatric population. N[arkiewicz]{.smallcaps} *et al*. \[[@C32]\] investigated the relationship between OSA, sympathetic activity and obesity in an adult population. In contrast to our results, they found that obesity in the absence of OSA was not accompanied by increased sympathetic activity. However, they did not study cardiac autonomic function *via* HRV, but measured muscle sympathetic activity using microneurography. It is possible that the sympathetic nervous system, outside of cardiac autonomic nerve function, is not affected by obesity. However, B[aum]{.smallcaps} *et al*. \[[@C31]\] found an effect on sympathetic activity using pupillography in obese children. Literature about the relationship between OSA and cortisol in adults has been conflicting \[[@C19]\]. It is possible that the positive studies did not account for obesity in their population, which could explain these discrepancies. Chronic stressful events such as OSA could affect cortisol levels differently in paediatric patients compared with adults and therefore results of adult studies should only be cautiously applied to a paediatric population. Studies in children have been scarce, with most studies examining salivary cortisol levels. M[alakasioti]{.smallcaps} *et al*. \[[@C33]\] described a decrease of salivary cortisol levels in children with OSA and hypertrophic tonsils, while P[atacchioli]{.smallcaps} *et al*. \[[@C34]\] found increased morning salivary cortisol in patients with OSA. In contrast, we could not find any effect of OSA on UFC levels.

Age is also a confounding factor that needs to be considered when studying the autonomic nervous system, as studies have shown an increase of sympathetic tone with increasing age \[[@C35], [@C36]\]. This was also evident from our results, as almost all measures of HRV were correlated with age. In our final model age had the largest effect on both mean HR and mean RR interval, while ODI had only a smaller effect. This effect of age could explain the different result found in adults and children.

The autonomic nervous system is an important regulator in major organs, including the liver, adipose tissue and pancreas, whereby alterations in autonomic function could contribute to metabolic dysfunction \[[@C37], [@C38]\]. As our results indicate that OSA is strongly connected to autonomic dysfunction, it is likely that these autonomic alterations do not only have an effect on the cardiovascular system, but also contribute to the increased presence of metabolic complications in the context of OSA.

Several study limitations need to be considered. First, HRV analysis was only obtained during the night-time, so these results might not be applicable for autonomic function during the day. Second, this is a cross-sectional study design so we cannot make any conclusion about a cause--effect relationship. Third, it has to be emphasised that most of the correlations found in our population are only weak (r\<0.3). The relationship between OSA, obesity and sympathetic activity is a complicated one that is influenced by several factors, and these confounding factors can influence the correlations. Finally, the majority of our population consisted of subjects without OSA or with only mild OSA. However, this is a direct result of our methodology, as we included all obese subjects and not only those suspected of SDB, implying a representative sample of a paediatric obesity clinic.

In conclusion, OSA is associated with an altered autonomic function, as shown by an increased sympathetic activity on HRV analysis. Measures of hypoxia, in particular, are related to an increased sympathetic tone, suggesting that intermittent hypoxia could be involved in autonomic dysfunction. However, measures of adiposity and age remain important confounding factors in studying the relationship between OSA and autonomic function.
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